First infection experiment:
Approximately 1,000 NEWs were divided into two groups which were exposed to either a bee gut homogenate or only sterile sucrose syrup (20 cup cages per group, each with 23 bees). Then, each group was divided into two subgroups: one was treated with 0.1 mM glyphosate in sterile sucrose syrup for 5 d after exposure, whereas the other subgroup was treated with sterile sucrose syrup only. After glyphosate treatment, bees from all subgroups were briefly immobilized with CO2 and transferred to new cup cages. Half of the bees from each subgroup was challenged with the opportunistic pathogen Serratia marcescens kz19, a strain isolated from guts of honey bees. The challenge used 0.5 OD suspended in equal proportions of 1x PBS and sterile sugar syrup. The other half was fed sterile sugar syrup and used as controls. Each subgroup contained four replicates with approximately 22 bees per replicate (total of 32 cup cages). Survivorship was monitored and recorded each day for a week. KaplanMeier survival curves were generated in GraphPad Prism. Statistical analyses were performed using the coxph model implemented in the "survival" package (4) in R.
Second infection experiment:
Approximately 500 NEWs were divided into four groups: Group 1 was exposed to a bee gut homogenate. Groups 2 and 3 were exposed to a S. alvi wkB2 or wkB339 bacterial suspension, respectively. Each bacterial strain was cultured in InsectaGro ® broth at 35 °C and 5% CO2 overnight. The 600 nm optical density (OD) of each bacterial culture was measured, cells were washed with 1x PBS, and diluted to a concentration of 0.5 OD in equal proportions of 1x PBS and sterile sucrose syrup. 200 µL of bacterial suspension were transferred to the bee bread provided to the bees in each cup cage. Group 4 was fed sterile sucrose syrup and used as control. Then, each group was divided into two subgroups: one was treated with 0.1 mM glyphosate in sterile sucrose syrup for 5 d after exposure, whereas the other subgroup was treated with sterile sucrose syrup only. Here, each bee in the glyphosatetreated subgroups was exposed to an amount of glyphosate (~1.7 µg) similar to that in the colonization experiment described above, considering that each bee drinks about 20 µL sucrose syrup per day under captivity. After glyphosate treatment, bees from all subgroups were briefly immobilized with CO2, transferred to new cup cages, and exposed to the opportunistic pathogen Serratia marcescens kz19. Each subgroup contained two replicates with approximately 30 bees per replicate. Survivorship was monitored and recorded each day for a week. Kaplan-Meier survival curves were generated in GraphPad Prism. Statistical analyses were performed using the coxph model implemented in the "survival" package (4) in R.
Third infection experiment:
Approximately 500 NEWs were divided into two groups which were exposed to either a bee gut homogenate or only sterile sucrose syrup (8 cup cages per group, each with 30 bees). Then, each group was divided into two subgroups: one was treated with 0.1 mM glyphosate in sterile sucrose syrup for 5 d after exposure, whereas the other subgroup was treated with sterile sucrose syrup only. After glyphosate treatment, bees from all subgroups were briefly immobilized with CO2, transferred to new cup cages, and exposed to the opportunistic pathogen Serratia marcescens kz19. Each subgroup contained three replicates with approximately 30 bees per replicate (total of 12 cup cages). Survivorship was monitored and recorded each day for a week. Kaplan-Meier survival curves were generated in GraphPad Prism. Statistical analyses were performed using the coxph model implemented in the "survival" package (4) in R.
Gut dissection, DNA and RNA extractions. Bees were removed from cold ethanol or freezer -80 °C, and guts were dissected with flame-sterilized forceps under aseptic conditions. For the two hive experiments and the first colonization experiment, total DNA was extracted from dissected guts using the protocol described in (5) . For the second colonization experiment, total DNA and RNA were simultaneously extracted from each dissected gut using the ZR-Duet DNA/RNA Miniprep Plus kit (Zymo Research ® ). In this case, guts were removed from bee abdomens and crushed in 100 µL of DNA/RNA shield solution, resuspended in a total of 600 µL of the same solution, and transferred to a capped vial containing 0.5 mL of 0.1-mm Zirconia beads (BioSpec Products Inc.). Samples were bead-beated for 2 × 30 s, centrifuged at 14,000 rpm for 30 s, and transferred to a new microtube. 600 µL of DNA/RNA Lysis Buffer were added and the samples were mixed well. After this step, extraction followed the protocol provided by Zymo Research ® . Final DNA and RNA samples were dissolved in 50 µL of water and stored at -20 °C and -80 °C, respectively. Complementary DNA (cDNA) was synthesised from 1 µg of total RNA using the qScript cDNA Synthesis Kit (QuantaBio, Beverly, MA, USA) following the manufacturer's instructions, and stored at -20 °C. All samples were quantified fluorometrically in a Qubit machine (ThermoFisher).
Quantitative PCR. Quantified DNA samples were 10-fold diluted to be used as template for qPCR analyses. Universal bacterial 16S rDNA primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 355R ( 5'-CTGCTGCCTCCCGTAGGAGT-3') were used to amplify total copies of 16S rDNA in each sample on an Eppendorf Mastercycler ep realplex instrument. Triplicate 10 µL reactions were carried out with 5 µL Kapa SYBR fast 2x master mix (Kapa Biosystems), 0.05 µL (each) 100 µM primer, 3.9 µL H2O, and 1.0 µL template DNA. The cycling conditions consisted of 95 °C for 3 min followed by 5 cycles of a three-step PCR (95 °C for 5 s, 65-60 °C for 15 s -decrease of 1 °C per cycle, and 68 °C for 20 s) and 35 cycles of a second three-step PCR (95 °C for 5 s, 60 °C for 15 s, and 68 °C for 20 s). Quantification was based on standard curves from amplification of the cloned target sequence in a pGEM-T vector (Promega). For the second hive and colonization experiments, specific 16S rDNA primers for Lactobacillus Firm-4 (HB-1: 5'-AGAGTTTGATCCTGGCTCAG-3', HB-1R: 5'-CTGCTGCCTCCCGTAGGAGT-3'), Lactobacillus Firm-5 (6), and S. alvi (6) were also used to amplify total copies of 16S rDNA related to these bacterial species following the same PCR conditions described above.
16S rDNA based gut community analysis. DNA samples from the first hive and colonization experiments were submitted for Illumina sequencing using the MiSeq platform (2 × 250 sequencing run) at the GSAF (UT Austin). Illumina sequence reads were processed using QIIME 1.9.1 (7). Forward and reverse Illumina reads were joined (join_paired_ends.py, default settings) and filtered for quality (split_libraries_fastq.py, Phred score Q = 20). Chimeric sequences were removed (identify_chimeric_seqs.py, usearch6.1 detection method), and OTUs were clustered at 97% (pick_open_reference_otus.py, UCLUST algorithm). Unassigned, mitochondrial, and chloroplast reads were removed from the dataset (filter_taxa_from_otu_table.py), as well as sequences with lower than 0.1% abundance (filter_otus_from_otu_table.py). A local database of 16S rDNA sequences from honey bee gut bacteria was used for taxonomic assignment. Alpha and beta diversity analyses were performed (core_diversity_analysis.py) using a sampling depth of 4,500 reads (hive experiment) and 6,500 reads (colonization experiment). Rarefaction depths were chosen manually to exclude samples with exceptionally low total sequences. The absolute abundance for each bacterial species was estimated by multiplying the total number of 16S rDNA copies obtained by qPCR by the percent relative abundance of each species, taking into account 16S rDNA copy number, as in (5) . Statistical tests were performed using the Wilcoxon rank sum test in R.
Snodgrassella alvi colonization during glyphosate exposure. In a second experiment, NEWs were starved for 5-6 h, and then hand-fed with 5 µL sucrose syrup containing ~10 5 cells of S. alvi wkB2 or wkB339, or sterile sucrose syrup as control. Each group was divided into two subgroups: one was treated with 0.1 mM glyphosate in sterile sucrose syrup for 5 d right after bacterial exposure, whereas the other subgroup was treated with sterile sucrose syrup. This time, eight bees were sampled from each subgroup at days 1 and 5 (in the first experiment, bees were sampled at days 1 and 3), and DNA was extracted from the gut tissue (5) . Specific 16S rDNA primers for S. alvi (6) were used to amplify total copies of 16S rDNA gene of each sample by qPCR. For qPCR analyses, triplicate 10 µL reactions were carried out with 5 µL Kapa SYBR fast 2x master mix (Kapa Biosystems), 1.0 µL each 10 µM forward (Beta-1009-qtF: 5'-CTTAGAGATAGGAGAGTG-3') and reverse (Beta-1115-qtR: TAATGATGGCAACTAATGACAA) primers (6), 2.0 µL water, and 1.0 µL 10-fold dilution template DNA. Cycling conditions were: 95 °C for 3 min followed by 5 cycles of a three-step PCR (95 °C for 5 s, 65-60 °C for 15 s -decrease of 1 °C per cycle, and 68 °C for 20 s) and 35 cycles of a second three-step PCR (95 °C for 5 s, 60 °C for 15 s, and 68 °C for 20 s). Quantification was based on standard curves from amplification of the cloned target sequence in a pGEM-T vector (Promega). Two-way analysis of variance (ANOVA) was performed to test for effects of strain, treatment and strain × treatment interaction on growth of S. alvi.
In vitro experiments with bee gut bacterial strains. Previously isolated and identified honey bee and bumble bee gut bacterial strains (Table S1 ) were cultured in InsectaGro ® or MRS ® broth in in the presence or absence of 10 mM glyphosate in a 96-well plate, and incubated in a plate reader (Tecan ® ) at 35 °C and 5% CO2 for 48 h. Optical density was measured at 600 nm every 6 h, and plates were shaken for 2 min before each measurement. Experiment was performed in triplicate, and each data point represents the average optical density with standard deviation bars. Bacterial growth curves were built using the GraphPad Prism 5 software.
Plasmid construction and transformation. The aroA, yhhS and tetC genes from various bacterial strains were PCR-amplified and cloned into the arabinose-inducible pBAD30 vector (11) by Gibson assembly (12) . Primer sequences are listed in Table S2 . Sequences of cloned genes were confirmed by Sanger sequencing. These plasmids were used to transform E. coli strain BW25113 (F-, DE(araD-araB)567, lacZ4787(del)::rrnB-3, LAM-, rph-1, DE(rhaD-rhaB)568, hsdR514) or a derivative lacking the aroA gene (BW25113 ΔaroA) by electroporation.
Phylogenetic analysis. Nucleotide sequences of the aroA gene (which codes for the EPSPS enzyme in the shikimate pathway) of 42 bee gut bacterial strains and 10 other bacteria were identified using a local BLAST database and translated in Geneious R8 (Tables S1 and S3 ). Amino acid sequences of the EPSPS enzyme of five plant species were obtained from NCBI. Amino acid sequences were aligned using Muscle (8) and used to infer a maximum-likelihood phylogeny (LG model + Gamma4, 100 bootstrap replicates) with PhyML 3.1 (9) implemented in SeaView (10) .
Growth rate analysis of transformed E. coli. E. coli ΔaroA cells harboring aroA-containing plasmids and WT E. coli harboring either of the yhhS or tetC-containing plasmids were grown in M9 minimal medium (1), supplemented with 100 µg/mL ampicillin for plasmid maintenance and 50 µg/mL kanamycin when applicable for selection for the E. coli ΔaroA strain. These cultures were grown overnight to saturation at 37 °C. An aliquot (20 µL) with similar number of bacterial cells was then taken from each culture and transferred in duplicate to 24-well plates containing 1 mL of M9 minimal media with appropriate antibiotics, varying concentrations of glyphosate, as well as varying concentrations of arabinose to induce protein expression from the pBAD30 plasmid. These plates were incubated in a plate reader (Tecan ® ) at 37 °C for 24-96 h, depending on the final concentration of arabinose added the media (0.1-0.001% arabinose). Optical density was measured at 600 nm every hour. Bacterial growth curves were built using the GraphPad Prism 5 software.
Supplementary Results
Second hive experiment. To replicate the experiment on effects of glyphosate on bee gut communities in a 2017 experiment (reported in Fig. 1 ), hundreds of adult worker bees were collected from a different hive from the first experiment during 2018, treated with either glyphosate (5 mg/L or 10 mg/L) or sterile sucrose syrup for 5 d, and returned to their original hive. Bees were marked on the thorax with paint to make them distinguishable in the hive. Bees were sampled from each group before reintroduction to the hive (Day 0) and post-reintroduction (Day 3), and total bacterial abundance, as well as absolute abundances of S. alvi, Lactobacillus Firm-4 and Lactobacillus Firm-5 were assessed using quantitative PCR. As in the first hive experiment (Fig. 1) , we observed a decrease in the mean of the total abundance of gut bacteria in G-5 and G-10 groups when compared to controls at Day 3, although this was not significant (Fig. S2) . Decreases in abundance were also observed for S. alvi, Lactobacillus Firm-4 and Lactobacillus Firm-5 at Day 3 (Fig. S2) . However, only the core species S. alvi significantly decreased in absolute abundance in G-5 bees at Day 3, and in G-10 bees at both Days 0 and 3 (Fig. S2) . Thus, in both experiments, glyphosate perturbs the bee gut community, and S. alvi is the species most affected. Differences in statistical significance for some bacterial species between experiments likely result from variation between hives, seasons and sampled bees.
Second and third infection experiments.
The infection experiment presented in the main text and shown in Fig. 2G was performed two more times. In the second and third experiments, young workers treated with glyphosate and microbiota-free workers, treated or not with glyphosate, also exhibited increased susceptibility to infection relative to untreated bees with a conventional gut microbiota (Fig. S5) , corroborating the results from the first infection experiment (Fig. 2G ).
In parallel with the second infection experiment, we also tested whether specific S. alvi strains, wkB2 and wkB339, contribute to protection against Serratia infection. This was done because S. alvi is the bacterial species most negatively affected by glyphosate exposure, and such exposure eliminates the protective effect of the gut microbiota against opportunistic pathogens. We exposed microbiota-free bees to each strain individually followed by glyphosate treatment for 5 d, then pathogen challenge for a week. Elevated mortality of glyphosate-exposed bees, especially those inoculated with wkB339, was observed during the first few days after Serratia exposure, although mortality did not differ significantly between control and glyphosate-exposed bees by the end of the experiment (Fig. S6) .
When comparing groups not exposed to glyphosate, no significant changes in survival were observed between wkB2-and gut homogenate-treated bees (p > 0.05, Fig. S6A ), although their survival rates differed (73% and 54%, respectively). However, there was a significant decrease in survival of wkB339-treated bees as compared to gut homogenate-treated bees (p < 0.05, Fig. S6B ). Control, wkB2-and wkB339-treated bees exposed to glyphosate experienced a significant increase in mortality when compared to gut homogenate-treated bees not exposed to glyphosate (p < 0.05, 0.05 and 0.01, Fig. S6 ).
When comparing the two S. alvi strains, no significant differences in survival were observed between wkB2-and wkB339-treated bees exposed or not to glyphosate (p > 0.05). Based on each day after Serratia exposure, wkB339-treated bees exposed to glyphosate died more than the ones not exposed to glyphosate on days 2 and 3 (p < 0.05, Fig. S6B ), followed by similar survival until the end of the experiment (p > 0.05, Fig. S6B ). This was not observed for wkB2-treated bees, which died at similar rates regardless exposure to glyphosate (p < 0.05, Fig. S6A ).
Simultaneous S. alvi colonization and glyphosate exposure experiment. The experiment in which NEWs were colonized by different strains of S. alvi (wkB2, tolerant to glyphosate, or wkB339, sensitive to glyphosate) then treated with glyphosate was performed in twice. In the first experiment ( Fig. 5 and Fig. S10A ), bees were sampled at days 1 and 3 during glyphosate treatment. In the second experiment (Fig. S10B ), bees were sampled at days 1 and 5 during glyphosate treatment. In this last case, no significant changes in S. alvi abundance were observed between control and treated bees regardless of the strain tested. The only trend observed involved variations in bees exposed to glyphosate, in which the tolerant strain, wkB2, exhibited a significant increase in abundance from Days 1 to 5, whereas the sensitive one, wkB339, did not grow significantly between Days 1 and 5 (Fig. S10B) .
Changes in microbial diversity after glyphosate exposure. Pertubations of gut microbial communities may impact the host health and allow the proliferation of opportunistic pathogens due to changes in microbial diversity (5, 13) . For the first hive and colonization experiments, we checked whether glyphosate exposure changes the microbiota diversity within individual bees (alpha diversity, measured as Shannon's H index) or causes microbiota divergence between individual bees (beta diversity, measured as the average Bray-Curtis dissimilarity), based on relative abundance profiles.
In the first hive experiment, glyphosate exposure did not affect alpha diversity at Days 0 or 3 (Fig. S11A) , and principal coordinate analysis, based on unweighted or weighted UniFrac (25), clustered control and treatments together (Fig. S11C-D) . However, beta diversity was higher among control than between control and G-5 group at both time-points, showing that G-5 bees had reduced microbial diversity (Fig. S11B) . In contrast, beta diversity was the same (Day 0) or lower (Day 3) among control than between control and G-10 group (Fig. S11B) , which is consistent with the fewer alterations observed in the microbial community of G-10 bees when compared to the G-5 bees.
In the first colonization experiment, glyphosate exposure during gut colonization did not affect alpha or beta diversity, based on relative abundance (Fig. S12) . However, as mentioned in the main text, gut community compositions of glyphosate-treated bees differed from those of controls (based on principal coordinate analysis of weighted UniFrac, (14) , Permanova test with 9999 permuations; p = 0.0078, pseudo-F statistic = 6.66) (Fig. 2F) . Since bees rely on their gut microbiome for a variety of functions, from food processing (15, 16) to pathogen defense (17) , such pertubations may lead to severe consequences for the host, including the proliferation of opportunistic pathogens present in the gut at low abundances (5, 13). S5 . Survival of young, age-controlled honey bees after Serratia kz19 exposure, shown as a KaplanMeier survival curve. Microbiota-free NEWs were divided into two groups which were exposed to fresh bee gut homogenate or sterile sucrose syrup. Each group was then subdivided into two subgroups which were subsequently fed 0.1 mM glyphosate in sterile sugar syrup or only sterile sugar syrup for 5 d, followed by exposure to Serratia kz19 for a week. A) Second Serratia challenge experiment. Each group is formed by two replicates (~20 bees per replicate). B) Third Serratia challenge experiment. Each group is formed by three replicates (~30 bees per replicate). * = p < 0.05, *** = p < 0.001, coxph model implemented in the "survival" package in R. 
Fig. S6.
Survival of young, age-controlled honey bees after Serratia kz19 exposure, shown as a KaplanMeier survival curve. Microbiota-free NEWs were divided into two groups which were exposed to a suspension of S. alvi strain (A) wkB2 or (B) wkB339. Each group was then subdivided into two subgroups which were immediately fed sterile sugar syrup or 0.1 mM glyphosate in sterile sugar syrup for 5 d, followed by exposure to Serratia kz19 for a week. This experiment was performed in parallel with the second Serratia challenge experiment. Each group is formed by two replicates (~20 bees per replicate). * = p < 0.05, *** = p < 0.001, coxph model implemented in the "survival" package in R. D3  D1  D1  D5  D3  D5  D3  D1  D5  D5  D1 D3  D3  D1  D5 Fig. S10 . Snodgrassella alvi strain sensitivity to glyphosate in vivo. Boxplots of 16S rDNA copies of S. alvi estimated by qPCR. Microbiota-free bees were divided into three groups, which were fed sterile sugar syrup or bacterial suspensions containing ~10 5 cells of S. alvi strains wkB2 or wkB339. Each group was divided into two subgroups and treated with sterile sugar syrup or 0.1 mM glyphosate. Eight bees from each subgroup were sampled at (A) Days 1 and 3 or (B) Days 1 and 5 during treatment. Box-andwhisker plots show high, low, and median values, with lower and upper edges of each box denoting first and third quartiles, respectively. * p < 0.05, ** = p < 0.01 and *** = p < 0.001, Two-way ANOVA with Tukey's correction for multiple comparisons. (C) Data combined from both experiments. 
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Shannon's H Index Bray-Curtis Dissimilarity Fig. S12 . Gut community diversity in control and glyphosate-treated bees in the first colonization experiment. A) Difference in alpha diversity between communities in control and glyphosate-treated bees (measured as Shannon's H). B) The average Bray-Curtis dissimilarity in gut communities among control versus between control and glyphosate-treated bees. Box-and-whisker plots show high, low, and median values, with lower and upper edges of each box denoting first and third quartiles, respectively. 
